Background: Many patients with asthma require frequent rescue medication for acute symptoms despite appropriate controller therapies. Thus, determining the most effective relief regimen is important in the management of more severe asthma. This study's objective was to evaluate whether ipratropium bromide/albuterol metered-dose inhaler (CVT-MDI) provides more effective acute relief of bronchospasm in moderate-to-severe asthma than albuterol hydrofluoroalkaline (ALB-HFA) alone after 4 weeks.
Background
Despite the availability of effective asthma controller therapies, a significant proportion of patients have suboptimal asthma control, characterized by frequent symptoms, lifestyle restrictions, and healthcare use [1] [2] [3] . In addition to controller medications, acute reliever or rescue medications, e.g. short-acting β 2 -agonists (SABAs) are used to treat acute symptoms and exacerbations [4] . The frequency of SABA use as rescue medication reflects the frequency and intensity of symptoms, and is an important component for classifying asthma severity and level of disease control [4] [5] [6] .
Short-acting anticholinergic agents have been used in asthma for decades; however, their exact role in asthma has not been well established [7, 8] . Studies directly comparing short-acting anticholinergic agents with a variety of SABAs have shown that SABAs provide greater bronchodilation than short-acting anticholinergic agents alone in stable asthma [9] [10] [11] ; however, individual studies have demonstrated that specific asthma populations, e.g. older patients [12] , and those whose asthma is related to psychogenic factors [13, 14] , cigarette smoke, or β-blocking drugs [15, 16] , might benefit from anticholinergic therapy.
Short-acting anticholinergic agents have also been evaluated in combination with a SABA or sequentially following SABA administration. The rationale for use of a combination of a short-acting anticholinergic agent and a SABA includes differences between the two classes of medications regarding mechanisms of action, side-effect profiles, onset and duration of action, and site of action [9] . Studies evaluating combination therapy with a short-acting anticholinergic and a SABA have shown variable results, mainly due to small numbers of patients or inappropriate patient populations [8, 11, [17] [18] [19] [20] [21] [22] [23] [24] ; however, many of these studies showed an additional (although not significant) benefit [8] .
Combivent® inhalation aerosol metered-dose inhaler (CVT-MDI) is a fixed-dose combination of the shortacting anticholinergic, ipratropium bromide, and the SABA, albuterol sulfate, using a chlorofluorocarbon (CFC) propellant. It should be noted that the CFC-MDI formulation of Combivent (CVT-MDI) used in this study is no longer available, but Combivent is available in the Respimat® Soft Mist™ inhaler (Combivent® Respimat®), which is considered therapeutically equivalent to the CFC-MDI formulation, and studies in chronic obstructive pulmonary disease (COPD) have indicated that it has similar bronchodilator effects [25, 26] .
A prior, single-dose, double-blind, crossover study compared CVT-MDI to albuterol hydrofluoroalkaline (ALB-HFA) in patients with moderate-to-severe asthma and persistent symptoms. These patients required regular use of albuterol as rescue medication (6-56 puffs per week) despite medium-to high-dose inhaled corticosteroids (ICS), with or without long-acting β 2 -agonist (LABA) [22] . Patients demonstrated significant improvement in pulmonary function after treatment with CVT-MDI versus ALB-HFA alone. We designed a study based on these results, and according to results from the Asthma Clinical Research Network studies [27] , which indicated that inhaled longacting muscarinic antagonists (LAMAs) might be an alternative to LABAs and other controllers in patients whose condition is inadequately controlled on an ICS alone [28] .
The objective of this study was to evaluate whether CVT-MDI provides more effective acute relief of bronchospasm in moderate-to-severe asthma than ALB-HFA alone after 4 weeks, as add-on to stable doses of their controller medications (ICS, LABA, leukotriene modifier, theophylline, anti IgE, oral corticosteroids). Patients were required to be on stable doses of these medications for at least 4 weeks prior to screening to achieve a clear baseline before study commencement. The efficacy of CVT-MDI or ALB-HFA was compared for acute improvement in lung function at the beginning and end of treatment, and other measures of asthma control (medication was withheld before measurement of acute response). Patients were instructed to use open-label ALB-HFA in addition to the blinded study medication if required.
Methods

Ethics, consent and permissions
This randomized, double-blind, two-way crossover study was conducted in accordance with the Declaration of Helsinki. The protocol and all amendments were approved by the institutional review board/ethics committee at each participating site (Additional file 1: Table S1 ). All patients provided written informed consent.
Trial design
Every effort was made to collect spirometry data for each time-point at the clinic visit. To be able to include the same patients at each time-point in the spirometry summaries, missing values were estimated using other values recorded for the patient on that test day. For patients with missing data on a given test-day because additional SABA medication was taken during testing, missing data were estimated by the least favorable observation on that test-day. Randomly missing data were estimated by either linear interpolation of adjacent data or by the last observed data if no subsequent data were available. The decision to use estimates for missing data was made prior to unblinding of the treatment assignments.
Participants
Patients were male or female, ≥18 years of age, with physician diagnosis of asthma for ≥1 year, baseline forced expiratory volume (FEV 1 ) ≤80 % predicted normal and post-bronchodilator reversibility of ≥12 % or ≥200 ml after administration of four puffs of ALB-HFA. Spirometry was performed according to American Thoracic Society guidelines [29, 30] , and National Health and Nutrition Examination Survey reference equations were used to calculate predicted values [31] . Patients received treatment with ICS with or without LABA and other asthma controller medications for ≥6 weeks prior to screening, and used a short-acting bronchodilator ≥3 times a week for symptom relief in the 2 weeks prior to screening. Patients were entered in the study only if they had an Asthma Control Questionnaire (ACQ) score of ≥1.5 [32] .
Patients were excluded from the study if they had been diagnosed with COPD or other significant disease; however, all patients who were non-smokers or ex-smokers who stopped smoking for >1 year prior to study participation and had a smoking history <10 pack-years were eligible. Patients who had been hospitalized for cardiac failure in the past year or who had a recent history of myocardial infarction were excluded.
The study included a 2-week screening period to establish patients' baseline asthma measures and confirm eligibility using bronchodilator reversibility testing-12 % and 200 ml improvement in FEV 1 post-bronchodilator after four puffs of ALB-HFA MDI-at visit two. Patients recorded symptoms, medication use (maintenance ICS ± LABA and "as needed") and peak expiratory flow (PEF) in an electronic diary (eDiary)/peak flow meter (Asthma Monitor® [AM3]; ERT Products, Philadelphia) during the screening period. After the run-in period, eligible patients were randomly assigned (1:1) to either CVT-MDI or ALB-HFA. Patients used blinded study medication as needed (two puffs every 4-6 h, up to four times daily) between visits for symptom relief during the 4-week treatment period. Additionally, patients received openlabel ALB-HFA for use if symptom relief could not be achieved with the blinded study medication. Maintenance therapy with high-or low-dose ICS had no impact on outcomes (Table 2 ) and, as this was a crossover study, all patients served as their own control.
Following the first 4-week treatment period, patients had a 1-7 day washout period (a 6-8-hour wash-out period is generally considered adequate for short-acting antimuscarinics (SAMAs) before entering the second 4-week treatment period with crossover treatment using either CVT-MDI or ALB-HFA. All other (non-asthma) concomitant therapies taken at screening and throughout the trial period were recorded. For washout, patients were instructed to refrain from using their study medication for at least 6 h prior to the scheduled clinic visit. On days 1 and 29, patients underwent lung function testing with 6-hour serial spirometry. Baseline FEV 1 was measured 10-minutes before, and at 5, 15, 30, 60 min, and 2, 3, 4, 5, 6 h after study drug administration.
Patients were instructed to use the asthma monitor (AM3) throughout the study. Patients used the AM3 to record twice-daily peak expiratory flow (PEFs), as-needed study medication use, additional open-label ALB-HFA use, daily symptom assessments, and background controller medication use (such as ICS, LABA, leukotriene modifier, theophylline, anti IgE, OCS) for the duration of the study.
Interventions
CVT-MDI (Combivent® Inhalation Aerosol CFC-MDI (Boehringer Ingelheim Pharmaceuticals, Inc., Ridgefield CT, USA) or ALB-HFA (IVAX Pharmaceuticals, Waterford, Ireland) was used during clinic visit days for pulmonary function testing, and as needed between clinic visits for symptom relief. Each actuation of CVT-MDI delivered 18 μg ipratropium bromide and 103 μg albuterol sulfate (equivalent to 90 μg albuterol base) from the mouthpiece. For the ALB-HFA MDI, each actuation delivered 120 μg albuterol sulfate from the canister valve and 108 μg albuterol sulfate from the actuator mouthpiece (equivalent to 90 μg albuterol base). During each treatment period, patients recorded in their eDiary the number of puffs of study medication taken (AM and PM).
If patients perceived that study medication was not adequately controlling their asthma symptoms, they were instructed to use the open-label ALB-HFA (ProAir® HFA, IVAX Pharmaceuticals, Waterford, Ireland) in addition to the study medication.
For the study duration, patients were required to remain on stable doses of their asthma controller medications and changes in background controller medications were documented. Additions or increases in the dose of oral corticosteroids were allowed for the management of asthma exacerbations and were recorded.
Study end points
Co-primary endpoints were FEV 1 area-under-the-curve (AUC 0-6 ) above test-day baseline from 0 to 6 h, and peak FEV 1 response. The study defined peak FEV 1 response as the maximum change in FEV 1 from test-day baseline within the 6-hour post-treatment interval, after 4 weeks of treatment.
The secondary endpoints were the mini Asthma Quality of Life Questionnaire (mini-AQLQ) responses, ACQ-7 responses, and the number of puffs of study medication and open-label ALB-HFA (AM and PM) patients used during each treatment period. Other endpoints included forced vital capacity, peak expiratory flow (data not shown), nighttime awakenings due to asthma symptoms (from eDiary), and duration of bronchodilator FEV 1 response. Bronchodilator response was achieved if an FEV 1 value of ≥1.15 times the corresponding test-day baseline value was recorded at any time-point during the first 6 h after treatment administration. Termination of bronchodilator response was identified by the first fall of <1.15 times the corresponding test-day FEV 1 baseline value on two consecutive measurements following a bronchodilator response during the 6-hour observation period on the test day. Duration of bronchodilator response was defined as the time interval between onset (bronchodilator response first achieved) and termination of bronchodilator response; duration was zero if there was no bronchodilator response.
Safety endpoints included monitoring of adverse events (AEs), vital signs, screening laboratory values (hematology, chemistry, and urinalysis), and electrocardiogram (ECG).
Statistical methods
Co-primary efficacy endpoints of CVT-MDI and ALB-HFA were compared using mixed-effect model repeated measures (MMRM). The MMRM model has treatment, period, day, and the interaction between treatment and day as fixed effects, test-day baseline value as a covariate, and patient as random effect. In the MMRM model, day refers to the start (day 1) or end (day 29) of 4 weeks of treatment. In the results section, only results for day 29 will be presented. A hierarchical testing procedure was used to address multiple comparisons. The null hypothesis for FEV 1 AUC 0-6 response was tested first (alpha = 0.025,
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Excluded from analysis ( one-sided); if this null hypothesis was rejected, the null hypothesis for peak FEV 1 response was tested next (alpha = 0.025, one-sided). The primary efficacy analysis was performed on a modified full analysis set (FAS). The FAS consisted of all patients receiving study medication, who were documented to have taken at least one dose of investigational drug, and who had no missing test-day baseline values or missing responses for FEV 1 AUC 0-6 and peak FEV 1 after 4 weeks of treatment. Seven patients who reported that their study medication devices were working improperly, and whose treatment blind was broken prior to database lock, were excluded from all efficacy analyses.
A post-hoc analysis was also performed on endpoints related to the co-primary endpoints. The MMRM model described above was used to analyze the ratio of FEV 1 AUC 0-6 response to test-day baseline FEV 1, and the ratio of peak FEV 1 response to test-day baseline FEV 1 .
Subgroup analyses for the co-primary endpoints were performed for: onset of asthma; type of asthma; percent predicted FEV 1 categories; concomitant asthma medication usage; puff usage of medication at study baseline; gender; race; age categories; smoking status; and FEV 1 / forced vital capacity (FVC) percentage categories based on pre-bronchodilator measurements at randomization. Subgroup analyses were performed to test whether the treatment effect was uniform across subgroups, at the end of the 4-week treatment period.
Secondary endpoints were analyzed using the MMRM model described for the primary analysis. The analysis of the duration of bronchodilator response was pre-specified as descriptive statistics; a post-hoc analysis of bronchodilator response duration on day 29 was also performed using an MMRM model with treatment and period as fixed effects, and patient as random effect.
A post-hoc responder analysis (McNemar's sign test) was performed to test for the difference in the proportion of responders (those who achieved bronchodilator FEV 1 response) between treatment groups.
All safety data were displayed and analyzed using descriptive statistical methods.
Based on a recent, single-dose, crossover trial with CVT-MDI and ALB-HFA, the standard deviation for the difference between treatment groups (paired t-test) in FEV 1 AUC 0-6 was expected to be 200-220 ml [22] . For the peak FEV 1 endpoint, the mean difference between treatments and the standard deviation of the mean treatment difference were expected to be similar to that observed for FEV 1 AUC 0-6 (usually AUC 0-3 is similar to peak FEV 1 -AUC 0-6 also includes duration of effect of these relatively short-acting bronchodilators).
To detect a 60 ml difference in mean values (based on the single-dose crossover trial) using a 2.5 % level of significance (one-tailed) and 90 % power, a sample of approximately 144 completed patients was calculated; this was increased to 200 to adjust for patients who dropped out prior to completing both 4-week periods. With an estimated 15 % discontinuation rate, 170 patients were expected to complete the first and second periods of the crossover (phases I and II).
Results
A total of 548 patients recruited from 41 study centers in the United States from December 2008 to September 2009 were screened and 226 patients were randomized using a validated system and received at least one dose of study medication; 222 randomized patients were treated with ALB-HFA, and 219 with CVT-MDI (107 received ALB-HFA, then CVT-MDI and 112 received CVT-MDI, then ALB-HFA). During the crossover period, 14 patients prematurely discontinued study medication; three patients had AEs leading to discontinuation (one taking ALB-HFA, two taking CVT-MDI), and only 3 % of patients had missing data. Patient disposition is presented in Fig. 1 , and demographics and baseline characteristics in Table 1 . At day 29, mean change in FEV 1 AUC 0-6 from testday baseline was 85 ml greater with CVT-MDI versus ALB-HFA (252 ml vs. 167 ml, p <0.0001) (Fig. 2a) . In a post-hoc analysis, at day 29, the mean ratio of FEV 1 AUC 0-6 response to test-day baseline FEV 1 was 13 % for CVT-MDI and 8.3 % for ALB-HFA (p <0.0001) (Fig. 2b) . The mean test-day baseline at day 29 for FEV 1 was 219.3 ml for CVT-MDI and 212.6 ml for ALB-HFA. Mean change from test-day baseline in peak FEV 1 for CVT-MDI was 77 ml greater than ALB-HFA (434 ml vs. 357 ml, p <0.0001) (Fig. 2c) . In a post-hoc analysis, at day 29, the mean ratio of peak FEV 1 response to test-day baseline FEV 1 was 22 % for CVT-MDI and 17.6 % for ALB-HFA (p <0.0001) (Fig. 2d) . The mean change from test-day baseline in FEV 1 was greater at all post-dose time-points in those receiving CVT-MDI (Fig. 3 ).
Greater bronchodilation with CVT-MDI than with ALB-HFA was noted in all subgroups. The subgroup analyses demonstrated that treatment differences were consistent across the subgroups, with no significant treatment by subgroup interactions (Table 2 and Fig. 4 [FEV 1 AUC 0-6 ] and Table 3 and Fig. 5 [peak FEV 1 ] ). The single exception was a marginally significant treatment by subgroup interaction for the subgroup of onset of asthma for FEV 1 AUC 0-6 (p = 0.0463); however, this study was not powered to assess whether all subjects with more severe asthma and low lung function (FEV 1 <45 % predicted) would benefit from the regime.
During each 4-week period of active treatment, there were no significant differences between CVT-MDI and ALB-HFA in number of puffs of study medication used or in number of puffs of open-label (rescue) ALB-HFA used (Table 4) . No significant differences were observed in ACQ or mini-AQLQ questionnaire scores, or in the number of nighttime awakenings evaluated at the end of the treatment period (Table 5 ). In a post-hoc analysis, the duration of bronchodilator response at the end of the treatment period was twice as long with CVT-MDI versus ALB-HFA (137.5 min vs. 66.6 min, nominal p <0.0001). In another post-hoc analysis, the proportion of responders (peak FEV 1 response at 4 weeks that was ≥1.15 times the test−day baseline) was significantly greater with CVT-MDI than ALB-HFA: 59.2 % versus 45.6 %, nominal p = 0.0014.
Among the 226 patients randomized, 68 (30.1 %) reported at least one AE, with 22.8 % of the CVT-MDI group (mainly due to the higher frequency of cough with CVT-MDI) versus 14 % of patients in the ALB-HFA group reporting an AE. Severe asthma exacerbations (defined in the protocol as worsening of asthma requiring treatment with IV or oral corticosteroids) were reported by seven CVT-MDI patients versus two ALB-HFA patients (none related to study drug). No severe asthma exacerbations were classified as a serious AE or resulted in hospitalization, and no fatal events occurred (Table 6) .
Discussion
This study found a statistically significantly greater bronchodilator effect of CVT-MDI versus ALB-HFA after 4 weeks of "as needed" use of rescue medication, in patients with moderate-to-severe asthma, confirming results from a previous single-dose study [22] . CVT-MDI demonstrated In a post-hoc analysis, the duration of bronchodilator response at the end of the treatment period was twice as long with CVT-MDI compared with ALB-HFA (137.5 min vs. 66.6 min, nominal p <0.0001); CVT-MDI has shown consistent benefit in bronchodilation in all subgroups. As anticipated for medications added for acute symptom relief to maintenance therapy, overall asthma control did not significantly differ between the CVT-MDI and ALB-HFA groups in this short-term, crossover study. The ACQ and mini-AQLQ were developed to measure effects of long-term controller medications, while the investigational medications used in this study were designed for acute symptomatic relief during the 4-week active treatment period. Despite significant differences in lung function, no differences in rescue medication use were observed between the CVT-MDI and ALB-HFA groups. This suggests that the weekly mean number of rescue puffs used per day does not reflect potential differences in lung function improvement during acute symptom relief.
Increasing evidence shows the benefit of anticholinergic agents in moderate-to-severe asthma, including recent studies evaluating tiotropium as add-on therapy in uncontrolled asthma [28, [33] [34] [35] [36] [37] . In addition, a Cochrane review of combined inhaled SAMAs and SABAs showed a lower risk of hospital admission and a greater improvement in lung function versus SABAs alone in acute asthma in children [38] . Peters et al. showed that the addition of tiotropium to low-dose ICS resulted in significant improvements in morning and evening PEF, and pre-bronchodilator FEV 1 . The combination of tiotropium and low-dose ICS was comparable to a LABA/ICS combination and was significantly better than doubling the ICS dose [28] . In a separate study of patients with severe uncontrolled asthma despite treatment with at least high-dose ICS plus LABA, the addition of tiotropium significantly improved lung function; however, no significant differences were observed in asthma-related health status or rescue medication use in this crossover and short-term setting, the design of which may have impacted the clinical outcome [33] . In a larger, 48-week study of a similar population of patients, the add-on therapy of tiotropium to high-dose ICS/LABA led to significant increases in lung function and significantly increased the time to first severe asthma exacerbation [34] . Bateman et al. showed that adding tiotropium to medium-dose ICS was non-inferior to salmeterol and superior to placebo in patients with moderate asthma with the B16-Arg/Arg genotype whose asthma was not well controlled with ICS alone [35] . Once-daily tiotropium Respimat® added on to ICS was shown to improve lung function in symptomatic adult [36] and adolescent [37] patients with moderate asthma. These studies support a potentially important therapeutic role for the long-acting anticholinergic tiotropium as maintenance therapy in the treatment of patients with asthma.
In this study, the overall safety profile of CVT-MDI was similar to ALB-HFA. As previously observed with short-acting anticholinergics, patients receiving CVT-MDI Afr Am African American, ALB-HFA albuterol hydrofluoroalkaline, Alb albuterol, BMI body mass index, CVT-MDI ipratropium bromide/albuterol sulfate metered-dose inhaler, d/c discontinued, FEV 1 forced expiratory volume in 1 s, FVC forced vital capacity, ICS inhaled corticosteroids, LABA long-acting β 2 -agonist, PEF peak expiratory flow, ph phase, PI pacific islander reported more cough. The patient population chosen for this study had moderate-to-severe asthma, and was symptomatic despite continuous treatment with ICS with or without LABA and other asthma controller medications, and had ACQ scores ≥1.5. Therefore, in this population with poor asthma control, exacerbations are expected to be more frequent. Although there was a slight excess of patients in the CVT-MDI group (seven CVT-MDI vs. two ALB-HFA patients) who met the protocol-defined criteria for severe asthma exacerbation, no patients were hospitalized, and one patient discontinued on day 29 of the study due to a severe asthma exacerbation. While differences in the number of severe asthma exacerbations between the groups were not significant, exacerbation data was examined in greater detail. An independent review of the severe asthma exacerbations revealed no specific pattern except that five of the seven patients who had severe asthma exacerbations in the CVT-MDI group had a body mass index (BMI) of 32.5-48.2 kg/m 2 . In two of these patients, respiratory infection preceded the exacerbation.
Based on an analysis of the individual eDiary data, there was no increased use or misuse of open label ALB-HFA and/or blinded study medication before the onset of the severe exacerbation in four of the seven CVT-MDI group patients. There was also no evidence of a decrease in the PEF, indicating the onset of worsening of asthma, in four of the seven CVT-MDI group patients.
Conclusions
These findings are consistent with those from recent studies that demonstrated the value of using the longacting anticholinergic, tiotropium, as add-on therapy to ICS [39] , or as an add-on to ICS plus LABA [34, 40] , or compared with doubling the ICS dose [28] , in the chronic management of moderate or severe asthma. The results of this study suggest that use of a short-acting anticholinergic bronchodilator in a fixed-dose combination with a SABA has a greater effect on lung function in moderate-to-severe asthma than SABA alone, and should therefore provide better symptomatic relief. In the future, additional studies will be useful to investigate the additive effects of these drugs in patients with all spectra of asthma severity.
These results support the use of a short-acting anticholinergic bronchodilator in a fixed-dose combination with a SABA in asthma, and the need for further clinical trials to determine the role of short-and long-acting anticholinergics (ipratropium and tiotropium, respectively) for managing asthma.
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